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The yields of species such as  e-aq, H
•, •OH, H2 and H2O2, formed from the radiolysis 
of neutral liquid water by the incidence of 0.8-MeV neutrons at temperatures 
between 25 and 350°C, were calculated by using Monte Carlo simulations.              
The slowing down of these neutrons through elastic scattering produced recoil 
protons elastically of ~0.5057, 0.186, and 0.0684 MeV which had linear energy 
transfers (LETs) of ~40, 67 and 76 keV/µm, respectively, at 25°C. The effects of 
neutron radiation can be predicted based on the contribution of those first three 
recoil protons by neglecting the radiation effects due to oxygen ion recoils. Then, 
the fast neutron yields could be estimated by summing the yields of contributing 
protons after corresponding weightings were used according to their energy. In this 
work, yields were calculated at 10-7 and 10-6 s after incidence of neutron radiation in 
water at the aforementioned temperature range. Overall, there is a reasonably good 
agreement between our calculated and existing experimental G-values for the entire 
temperature range. However, we proposed an hypothesis that the not very 
significant difference between experimental data and our calculated data is due to 
the different measuring time used in obtaining the experimental data as compared to 
the ones used in our calculation. Our computed yields for 0.8-MeV fast neutron 
radiation show an essentially similar temperature dependences over the range of 
temperature studied with 2-MeV fast neutron and low-LET radiation, but with lower 
values for yields of free radicals and higher values for molecular yields. 
 
© 2016 Atom Indonesia. All rights reserved 
 
 
INTRODUCTION 
 
In water-cooled nuclear power reactors, such 
as the Pressurized Water Reactor (PWR), water is 
used both as a moderator and as a heat transport 
medium. It circulates around the reactor core at a 
normal operating temperature of ~250-310°C and is 
heavily irradiated by a mixture of radiation fields 
such as gamma radiation, fast electrons, fast 
neutrons and so forth. It interacts directly with those 
radiations fields that can cause radiolysis of water 
(decomposition of water by nuclear radiation) which 
generate free radicals (such as e
-
aq, 
•
OH, and H
•
)       
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and molecular products (such as H2 and H2O2). 
Oxydizing species resulting from water radiolysis  
such as 
•
OH, H2O2, and O2 (secondary product of 
radiolysis) can interact with reactor components 
material and promote corrosion, hydriding, and 
cracking [1-4]. For these reasons, the water 
chemistry in a water-cooled nuclear power plant has 
to be controlled. Furthermore, the water chemistry 
control requires an understanding of the effects of 
radiolysis of water that may degrade reactor 
component material. 
At least, there are two important parameters 
which need to be determined, namely the yields              
(G-values) of the species (the number of molecules 
formed or destroyed per 100 eV absorbed energy, 
expressed in the units of molecules/100 eV) and the 
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rate constants of all the reactions between radiolytic 
species. Direct measurement of the chemistry in and 
around reactor core is difficult or impossible to 
perform due to the high temperature, high pressure, 
and intense radiation fields. For these reasons, a 
computer simulation is a better way to predict the 
mechanism of radiolysis of cooling water and the 
effect of its products on reactor materials.  
In this work, we used Monte Carlo 
simulations to reproduce G-values for e
-
aq, 
•
OH, H
•
, 
H2, and H2O2 generated from pure liquid water 
radiolysis by 0.8-MeV fast neutrons at the 
temperature range of 25-350°C. The reason we only 
considered 0.8-MeV fast neutrons in this present 
work is that this energy is largely known as the 
average energy of the neutron source reactor 
YAYOI in Japan (where 95% of the radiation 
energy of the radiation energy came from fast 
neutrons [5]). Peculiarly, there are limited data of 
the fast neutron G-values in the literature as 
compared to the gamma ones, especially at high 
temperatures. However, Sunaryo et al. [6] have 
simulated this energy at the temperature range of 
25-325°C. Furthermore, there is much updated 
information which has been incorporated in the code 
developed by J.-P. Jay-Gerin's group in Université 
de Sherbrooke, Québec, Canada as follows. First, 
the information of the rate constants of the reactions 
between species for up to 350°C are now available 
from the report compiled by Elliot and Bartels [7] 
and have been used in several works [8-10].  
Second, the rate constants of two reactions that 
remain debatable, namely the ones for the self-
recombination of hydrated electron (e
-
aq) above 
~150°C [11,12] and for the oxidation reaction of 
water by hydrogen radical atoms above ~200°C 
[13,14], are incorporated in  the simulation. 
In this work, principally the effects of          
0.8-MeV fast neutron were predicted by calculating 
the yields of the first three recoil protons and                     
by neglecting the radiation effects due to oxygen         
ion recoils [15,16]. We finally chose the 
contributions of the first three recoil protons                     
after some tests have been conducted. In the 
previous work, we found that there is no significant 
difference between taking the first three and                    
the first four recoil protons. The less the energy               
of recoil protons released from neutron collision 
with water is, the less their contribution to                          
the final yield is, since appropriate weighting         
factors are applied according to their energies to 
calculate yields. Therefore, the fourth, the                          
fifth and so forth of recoil protons will not                    
make any difference to our computed yields.                        
The results were tested against the available 
experimental and calculated data.  
THEORY 
The interaction of neutron with material 
strongly depends on its kinetic energy. For fast 
neutrons with kinetic energies ranging from ~0.5 to 
10 MeV, the possible interactions of neutron with 
material mostly consist of elastic collisions. During 
this interaction, the total kinetic energy before            
and after collision remains the same. Thus, this 
interaction generates the low-kinetic-energy 
particles in the reactor. In case of water, as neutrons 
collide with nuclei, fast neutrons are “moderated” 
mainly by both hydrogen (proton) and oxygen 
nuclei. For water, the spectrum of recoil proton and 
oxygen energies can be determined and thus can be 
used to determine the chemical yields for the 
various species formed from the fast neutron-water 
interaction. 
It is well-known that fast neutrons deposit 
their energies in a relatively dense track as 
compared to γ-radiation. The quantity that most 
significantly characterizes neutron transmission 
through matter is the mean-free-path (i.e., the mean 
distance between two successive neutron 
interactions). For example, the mean free path of a 
0.8-MeV incident neutron in water at 25°C is                   
~3 cm, while the recoil proton and oxygen ion 
maximum ranges at this energy are in µm order 
[15,16]. Thus, it can be inferred that proton and 
oxygen ion recoils in H2O are widely separated from 
one another along the path of the neutron and their 
ranges are much less than the average separation 
between two successive neutron interactions, so 
there is no overlap between one and another. 
For energies less than ~10 MeV, it is 
estimated that about 88% of the neutron energy is 
absorbed by recoil protons and the rest is absorbed 
by oxygen nuclei. From those numbers, it is obvious 
that oxygen ion recoils give a relatively small 
contribution to the radiolysis, in addition to the fact 
that the water molecule (H2O) consists of two 
hydrogen atoms but only one oxygen atom; for 
those reasons, it is reasonable to simply neglect the 
radiation effects due to these recoil oxygen ions, or 
in other words, assume that neutrons are stopped by 
protons only [15,16]. 
As in the previous work, the energy of a 
recoil proton can be calculated using the following 
equation [15,16]: 
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where: 
 A = the mass number of the struck nucleus            
(A = 1 for collisions with protons) 
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 E0 = the initial neutron kinetic energy 
 En = the average energy of the neutron after n 
collisions 
 
Note that when A=1, Eq. (1) is not defined; 
however, the limit is valid. We used Monte Carlo 
track chemistry simulations of the radiolysis of 
water to estimate the effects of 0.8-MeV neutrons 
on the chemical yields of the various radiolytic 
species by using three recoil protons. By using Eq. 
(1) we found that the first three recoil protons have 
energies of 0.5057, 0.186, and 0.0684 MeV, 
respectively.  
Then, the final neutron yield can be expressed 
as [15,16]: 
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where: G(X)pi is the free radical or molecular yield 
associated with the recoil proton pi (i = 1 to 3); 
while Epi = (Ei – Ei-1) is the energy imparted to the i
th
 
recoil proton (thus, the energies imparted to the 
three recoil protons are Ep1, Ep2, and Ep3); and: 
 

3
1i i
T p
EE     (3) 
is the sum of all recoil proton energies. 
 
 
METHODOLOGY 
The analysis of the complex series of steps 
involved in the radiolysis of liquid water by 
colliding protons of various initial energies were 
performed through Monte Carlo simulations using 
the IONLYS-IRT code. A detailed description of 
the code at both ambient and elevated temperatures 
has previously been given elsewhere [17-19]. 
Briefly, in the IONLYS code, the early physical and 
physicochemical stages of the radiation event were 
modeled up to ~10
-12
 s. Then, the output of this 
model is used as the input for the IRT code that 
covers the nonhomogeneous chemical stage at            
time scale from ~10
-12
 s to ~10
-7
-10
-6
 s at 25°C.            
The detailed elucidation of IONLYS code and the 
independent reaction times (IRT) method [19-21] 
had been published in the previous manuscripts.              
In this present work, information such as                        
rate constants, diffusion coefficients, reaction 
mechanisms, and G-values for the temperature up to 
350°C were obtained from the report of Elliot and 
Bartels [7]. The rate constant of the two reactions 
that concern us in this work, namely the self-
reaction of two hydrated electrons and reaction 
between water molecules and hydrogen atoms, were 
incorporated using the information available in [7], 
consecutively. 
In addition, the density of the pressurized 
water used in all simulations decreased from 1 
g/cm
3
 at 25°C to 0.575 g/cm
3
 (16.5 MPa) at                     
350°C [19].  
Finally, in order to reproduce the effects of 
the 0.8-MeV neutrons, short (~15-150 µm) track 
segments of each of the first three generated recoil 
protons were simulated, while the number of proton 
histories used were usually ~10-150 depending on 
the proton energy. The total neutron yield for               
each radiolytic products were then calculated by 
summing the corresponding weighted G-values for 
each recoil proton according to Eq. (2). 
 
 
RESULTS AND DISCUSSION 
 
The computed yields of radiolytic species 
such as e

aq, 
•
OH, H
•
, H2O2, and H2 in liquid water 
formed by 0.8-MeV neutrons as a function of 
temperature in the range of 25-350°C are shown in 
Fig. 1. In this work, G-values were taken at two 
different times, specifically 10
-7
 and 10
-6
 s after the 
passage of ionizing radiation through water, at the 
entire temperature range previously mentioned 
(solid and dashed red lines in Fig. 1, respectively). 
The reason we took yields at those times is that the 
scavenging time (product of the reciprocal of 
scavenger concentration and its rate constant with 
one of the radiolytic species) normally used in 
scavenging experiments to measure the yields is in 
the range of ~10
-7
-10
-5
 s. Overall, there is a 
reasonably good agreement between the simulated 
and existing experimental G-values for the entire 
temperature range. However, it is obvious that there 
is only limited information in the literature for fast 
neutron radiolysis, while a large body of data 
relevant to the -ray and fast electron radiolysis is 
readily available for temperatures ranging from 
room temperature up to high temperatures. In fact, 
to the best of our knowledge, until now, the data 
from Sunaryo et al. [5] is the only data available in 
the literature (using neutron source reactor YAYOI, 
whose average energy of neutron is about 0.8 MeV) 
with which we can compare our results on the 
temperature dependence of various primary species 
yields for liquid water irradiated with fast neutrons. 
From Fig. 1(a), it is seen that at temperatures 
below 150°C, there is a good agreement between 
our computed yields and experimental values. 
However, at higher temperature, our yield                
slightly decreases as a function of temperature, 
while experimental data show an increase.                   
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This discrepancy can be readily explained as we 
incorporated in our calculation the drop in the rate 
constant of self-reaction of e

aq (reaction 5 (R5) in 
Table 1) observed at ~150°C in alkaline water to 
near-neutral water. In other side, the decay of e

aq is 
mainly due to the spur reactions of R1 and R2      
(the reactions contribute to the formation and decay 
of the primary species; data is not shown here), in 
order of decreasing importance. As a complement, 
however, Table 1 consist only of reactions that 
contribute to the formation and decomposition of 
•
OH. In fact, there are more than 60 reactions 
included in the IRT code that occur in the 
nonhomogeneous chemical stage involving the 
radiolytic species. As suggested by Fig. 1(a), our 
calculated data show that the decay of e

aq take 
place faster at high temperatures and at later time 
after the passage of the ionizing radiation. For 
•
OH, 
as the main oxidizing radical generated in this               
0.8-MeV fast neutron radiolysis, the reactions which  
contribute to the formation of this radical are (in 
order of decreasing importance) R6 and R4, whereas 
its decay is dominated by reactions R2, R7, and R9. 
The H
• 
radical atom is one of the minor 
species in water radiolysis. It is relatively small, but 
is important for fundamental considerations. The 
production of H
• 
atom is dominated by the rapid 
convertion of e

aq through reaction R1. There is a 
very good agreement between our computed yields 
and experimental data at room temperature. At 
higher temperatures, deviations between 
experimental data and calculated data can be readily 
explained as follows. It is proposed that the 
experimental data could have been obtained at 
different time as compared to our calculation time. 
 
Table 1. Main chemical reactions that contribute to the 
formation and decomposition of ●OH used in simulations. 
  
Reaction Symbol 
R1 eaq + H
+  H 
R2 eaq + 
•OH  OH 
R3 eaq + H
• (+ H2O)  H2 + OH
 
R4 eaq + H2O2  
•OH + OH 
R5 eaq + e

aq (+ 2 H2O)  H2 + 2 OH
 
R6 H• + H2O  
•OH + H2 
R7 H• + •OH  H2O 
R8 H• + H•  H2 
R9 •OH + •OH  H2O2 
R10 H+ + HO2
  H2O2 
 
There is a high degree of difference between 
calculated and measured data of H2O2 yield, as seen 
in Fig. 1(d), due to the difficulty in measuring the 
yield since it is decomposed thermally at high 
temperatures starting from ~100°C. H2O2 formed in 
the radiolysis of water is found to be the main 
corrosion product and is involved in the oxidation 
damage of most alloys. It has long been known that 
the main precursor of H2O2 is the self-reaction of
 
•
OH through reaction R9, while the decay is given 
dominantly by reaction R4.  
As shown in Fig. 1(e), our simulated G(H2) 
obtained at 10
-6
 s show a large increase                         
with temperature, particularly above ~200-300°C.                
This phenomenon can also be seen in the increase of 
G(
•
OH) and G(H2) and the corresponding decrease 
of G(H
•
) with temperature, as have been discussed 
in the previous work [15]. The three main processes 
which result in signifant production of H2 are 
reaction R6, R3 and R5. However, a controversy 
currently exists in the literature regarding the rate 
constant of R6, including estimates of 10
4
 [15] 
(value used in the present calculations), 2.2103 [7], 
and 1.75104 [14] M-1 s-1 at 300°C, depending on 
the authors. To our knowledge so far, no clear 
conclusion has been obtained yet on the rate 
constant of this reaction and as to the real 
contribution of this potentially important reaction in 
the radiolysis of water at elevated temperatures. 
For the sake of comparison, our computed 
results were compared with known data for low-
LET radiations (-rays from 60Co or fast electrons) 
and with the computed yields obtained from the 
radiolysis of neutral liquid water by 2-MeV 
monoenergetic neutrons, as a mimic of a fission-
neutron flux in a reactor as well. Our computed 
yields for 0.8-MeV fast neutron radiation show 
essentially similar temperature dependences over 
the range of temperature studied with 2-MeV       
fast neutrons and low-LET radiations, but with 
lower values for yields of free radicals and higher 
values for molecular yields. This general trend         
is a result of the high-LET character of fast 
neutrons. As the LET of the radiation increases    
(the less the energy), many radical interactions 
occurred therefore the higher the yield of    
molecular products. Also, we compared our present 
work with the work of Sunaryo et al. [6], but at this 
time we used the information available at [7] in the 
code. Indeed, Sunaryo et al. did not take into 
account the reaction rate constant of the two 
reactions discussed previously. It can be seen clearly 
in Fig. 1(a), where there is no abrupt drop around 
~150°C, and also at their result in Fig. 1(e), as it is 
known that the self-reaction of hydrated electrons is 
one source of hydrogen molecular formation. 
Hence, there is a significant difference between our 
present work and those works due to the 
contributions of the rate constants of the two 
reactions mentioned earlier.  
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Fig. 1. Temperature dependence of the G-values (in 
molecules/100 eV) for the liquid water radiolysis by 0.8-MeV 
neutrons for the temperature range of 25-350°C: (a) G(eaq), (b) 
G(•OH), (c) G(H), (d) G(H2O2), and (e) G(H2). Our calculated 
results were obtained at 10-7 and 10-6 s based on the radiation 
effects of recoil protons whose energies are 0.5057, 0.186, and 
0.0684 MeV; the graphs for 10-7 and 10-6 s are shown as solid 
and dashed red lines, respectively. Experimental data are from: 
[5] (●) (using YAYOI reactor as a source of fast-neutron at the 
University of Tokyo whose neutron energy is ~0.8 MeV), [22] 
(▲) (mean G-values from different research groups calculated 
by neglecting the highest and lowest values for each species). 
The solid black lines show the 2-MeV fast neutron calculated 
G-values [15]. The dashed black lines are the results for 0.8-
MeV fast neutrons before using the self-data base of [4]. The 
solid blue lines show the estimated primary (or “escape”) yields 
for the low-LET (~0.3 keV/m) radiolysis of water [1,23].  
 
For the sake of illustration, Fig. 2 shows the 
time evolution of various yields calculated from 
Monte Carlo simulations of the radiolysis of liquid 
water by 0.8-MeV neutrons at two fixed 
temperatures, 25 and 350°C. This figure gives 
information about the formation and decay of e

aq 
and the yield of 
•
OH at the range of time ~10
-12
-10
-6
 
s after the deposition of ionizing radiation in water. 
It shows that all the rates of decay, rates of 
formation, and yields are higher at the higher 
temperature. 
 
 
Times (s) 
(a) 
G
(e
- a
q
) 
(m
o
le
cu
le
/1
0
0
 e
V
) 
G
(O
H
) 
(m
o
le
cu
le
/1
0
0
 e
V
) 
G
(H
) 
(m
o
le
cu
le
/1
0
0
 e
V
) 
G
(H
2
O
2
) 
(m
o
le
cu
le
/1
0
0
 e
V
) 
G
(H
2
) 
(m
o
le
cu
le
/1
0
0
 e
V
) 
e-
aq
 y
ie
ld
 (
m
o
le
cu
le
/1
0
0
 e
V
) 
17 
S.L. Butarbutar et al. / Atom Indonesia Vol. 42 No. 1 (20160 13 - 18 
 
 
Times (s) 
 (b) 
 
Fig. 2.  Variation of the yields of eaq (a) and 
•OH (b)                             
(in molecules/100 eV) computed from Monte Carlo simulations 
of the radiolysis of liquid water by 0.8 MeV fast neutrons as a 
function of time from 10-12 to 10-6 s, for the two fixed 
temperature 25 and 350oC (solid and dashed lines, respectively). 
 
 
CONCLUSION 
 
Monte Carlo simulations were used to 
calculate the G-values for the primary species of the 
radiolysis of neutral liquid water by incident 0.8-
MeV neutrons at the 25-350°C temperature range. 
The fast neutron G-values were predicted by 
calculating the yields of the first three recoil protons 
produced by the collision of neutrons with water by 
neglecting the radiation effects due to oxygen ion 
recoils. Overall, there is a reasonably good 
agreement between the simulated and existing 
experimental G-values for the entire temperature 
range. Our computed yields for 0.8-MeV fast 
neutron radiation show essentially similar 
temperature dependences over the range of 
temperature studied with those for 2-MeV fast 
neutron and low-LET radiation, but with lower 
values for yields of free radical yields and higher 
values for molecular yields. However, more 
experimental data are needed in order to compare 
our temperature dependence of primary species 
yields and to test the modeling calculations                
more thoroughly. 
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